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A COMPUTATIONAL AND EXPELRtEENTAL STUDY 0F
mIGH-SPEE ThPUL8P/E NOISE FROM A ROTATING CYLINDER

T. W. Purcll*
Aerofllghtdynamics Directorate

Amus Research Center
Moffett Field, CA 9403&-0OU

/ Applications using the linea term of this equation work
well except when a large shock appears in the flow.14 Even

This work presents an alternative to current integral ulf the funl nonlinear portion of the Ffowcs-Wili- and
approaches that do not accurately predict noise from a de- Lawinge (FY/1) equation gives incorrect trends when a
localized rotor. The twiesoal m.odel of this study is rotor ham a delocalised tip shock?'1 Schmitz and Yu14 -s
ssentiall1y an airfoil shape mounted on the side of cylln- t- fis1rmnp ,tr f h W qainI hi
der which spins at transonic speeds beatwes two end- BM .fahvrn rotor. This diD Ie term has
wells. A flnltedlrene conevaive fomlto of th almost no effect on the predicted pressure Xus when comn-

tw amsonal, ansncfl-tential equations solves pared with the monopole or thickness term prediction. 14
15

the flow fied away from the =Odiret* and henc pro- Ththran lttemoth W eqtinstedicts the beginning of delocallsation and the associated qaupol andm lasth term o thpe hyequationaisthe
wave propagation. The potential method ham an inheent uootem hc a n ipepysclaaou

staility limit at a freewetream velocity of Mach 1.4 and like the other two terion. Quadrupole trsdescribe the
shows a troubling sensitivity to the chokce of outer bound fluid distortions and pressures over a volume near the blade
ary conditions. Methods for correctly handling thtese two tip and are quite necessary to accurate tracking of a dia-
problems are shown. A two-imensional t hat turbance am it mome off the blade. This last term in ax-

simuate theconitios mmed y te oper in tresnely difficult to integrate or model, but its inclusion ham
dsibaed. the comutern prsuedto by the lowpuece' been shown to improve the pulse predictions significantly
descthed xperi m t prnedicamonrefsohe flowte expe Yu W. 16. completed a complex nonlinear quadrupole so-

imental~~~~ ~~~ realS eulstknfona~ Imam. lution tAt greatly improve. the solutions but still ham
hovering rotor code show how the current tw-imenial- difficulty with delocalised came. Perhaps a differential
results correlate to those from an actual rotor. Results for method would work better in Such, came..
low-aspect-ratio rotors show a higher delocallsation Mach There are several three-dimensional codes that model
number for decreasing apect ratio and a greater depen- the transonic rotor-tip nlow field using finite-diffrenc (FD)
dence on thickness. N - -formlations,""'1 but thes codes only predict the Saow near

Ing~fdwllaf the rotor tip and tend to damp aywaves that spread off
High-speed impulsive (HSI) noise. emanate&d when the blade surface. Kirchhoff metos map a linear Pressure

a transonic rotor creates such a #tong shoc thth wave to Some Other physical pontas when provided with
shock leaves the blade and propagate. Into the free-stram. a" accurate starting wave. However, there is no direct way
This free-stream, shock, or delocalized shock, creates sev- to connect the srac-pesur solution with the pressure
eral problem for integral methods. Earlier research ham fied off the blade.
been applied to this problem but with little succes.- 5 There ham been one research effort that conuple a
More recent; works have fare better" with this idaw- - ' FD solution near some arbitrary distur-
calization' problem, as Caradonna and lsvom 0' termed this hence to an acoustic-wave solver aa from the blade.
spreading of the shock. Photographs of such delocalised Rutherford3 1 presented a small-disturbance, nonconserva-
shocks radiating from model propellers were produced by tive, twodimensional shock-fitting potential code for the

Hiton'0 in 193 and more recently by Tangler" in 1977 innermost portion and a MacCormack solution of the dis-
for a moodel helicopter rotor in a forward light condition. cretised! wave equatio which use WCiia boundary condi-
A, similar phenomenon in see In hovering helicopter to- tions defined by the potential code.
tor teats at high tip-Mach-numbers. Hotwire studies frm
Schmitz and Yu"2 experimentally demonstrate the extent The work presented her develops experimental and
Of the supersonic sones relative to the rotor on and around numerical t oaques for the direct prediction of noise prop-
the tip. Figure 1 shows results from their study along with agation from a two-dimensional rotating cylinder with a
the associated change. in sound signature. am the tip-shock poeta 71) method, This twodimesiional approach al-
delocalize.. These results are from a hovering rotor model lows investigation of such problem. se stability limits and
with a NACA 0012 airfoil and aspect ratlof( 13.7. the selection of prprboundary conditions, problem that

One of the most familiar integral formulations for solv- aieI Z i " sdi uesncsns
ing acoustics problem was presented by Ifowee-William Previous studies by Schmitz and Th,'s which show
and Hawkings:1 that only the last 10% of a blade determine most of the

a P0% HS noise levo and that lif ham little effect, indicate the41.p V(0U_____ "(1acepailtyo the todmensional approach. Figure 2
ff) (%t Mi shows ho the two-8d, IonI cylinder model correlatas

A, fto a generic rotor blade. Such a two~dimsslonal exper- L
- (1) iment In described and conducted to verif the simpliie

fX1model and c omptr code. Figure 3 in a shetch of this phy.. -

fif fT 41  \ical test. Doundary-lavr prob"ms found while running the
+ J~ TlMI, dV(i test mandated a correcto to the invscd computer code.

ax~iasiff" -IM'1Limited resu fromn this experiment and the computer so-
__________lutions are presented to valid&$* the code and to form a

tResearch Scientist. Member AIAA. basin for extrapolations to real helicopter problems. Sao
surprising trends appear in the predicted results for the *:s

This paper is dschwed a work of the U.S. Governmsent mW i
therefoe is n i1w public domin. I.t
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short rotore typical of a propeller or tilt-rotor-type app&i flux term AU and #V at midpoint locations. The con-
cation. tinuity equation is differenced to make the total operator

Governing Equations centrally difierenced about a node point:

The usual unsteady continuity and density equations () ()u"()
in cylindrical coordinate, provide the basis for the finite- f -
difference code of this work. After transformation to where 6 indicates a centra-ifrence operator. The U and
a rotating coordinate system, a computational variable. V terms are the velocitie. described previously and are
transormatin32 yields the following nondime=nsia equa- found as shown:
tions for programming: U,+1/2.k - (A~t + B# -I+ D)j+112,h

(PU)o +i Wp), - 0 (2) Vjj.JAIS - (B#f + CO,, + LB)jk+1/2

- 'M2(U + 2 _U.2I-,'-r (3) where the A, B, C,D, and E metrics are found at the
2 node points, using standard second-order-accurate finite-

where the velocities U, U60, and V are defined as difference operators. All metrics quantitie. are found and
(Y + ##), Y, and (Y#,),, respectively, and whenrepis the stored at node points (Jk), and simple averages weused
fluid density, y in the ratio of specific heats, a is the free for valuessawy from grid node.
stream speed of sound, 0 is the usual flow potential, r is the The density value. used in the continuity equation,
radial dimension and distance, and 0 is the circumferential #j12, and 0j,h+1/2, are defined as
dimension.

The density po and the velocity components JL# and #+1/2,k - a')PIJ+1/2,h + 1 j+1/2,h Pj+5+11zj (6
wae nondimensionallned by ambient density and by the i,.h+1/2 = RI - &)Pi,.h+I1a + jk+i/2 Pj'kh+11i2

cylinder surface velocity, nR, respetiey, where n is the where
angular velocity and R in the radius of the cylinder. The I ± when U.+1, §0
radial distance r is nondimensionallsed by chord length c; (9)
the circumferential variable 0 is nondimenuionalised by the m = ±1 when Vj,+1" *0
sector width occupied by the airfoil on the cylinder edge.
This sector width is also given by the invers of the aspect
ratio, Ak, which is similar to the aspect ratio of arotor blade Density in found after a sweep of th, flow field has
and is defined as Rlc in previously defined varabes An updated all the 0 value. from the nondimensional equation
additional factor, Y', in introduced to convert the scale of [I - 0.M.2U3 + V2 _ y3)]2,9 (10)
the radial distance variable to cylinder rad lengths. This
factor Y is defined as r/R, which appears as the radial where M, in the Mach number of the cylinder surface.
distance in the equations belw. Finally, Me - ORi/a is Broigfrom finite-Volume techniqu. the densities are
the cylinder Mach number. found as cell-centered locations :Uj+1/2,k'+1/2), which are

Fuirther transformations for computational consid- then averag~ed aproritey to yedthe needed value. at
erations follow conventional procedures for consrvation 0j+1/2,k) and at (j,k4-1/2).Thstcnqeasbnsow
forms:2U. 24  by South in Hafet &L2 5 to yield a more compact calcu-

lation cell for density. The cell-entered value. require #(~) (~ -o(4) derivatives found separately from the derivatives used in
-0 the continuity equation.

r, .. M S 12- The switching function P determines when to start us-
1 - M A2 2#* #9 (5) ing an upstream denity value and is hence controled by

1 2Y Mach number. Control for v in the C-direction is given by

The quantities U and V, called the contravarlant veloc- aj+1/2,h - meW [0, 1 - 1/M,2h] for UY+i/g.h > 0 (11)
ity components along the C and ij directions, respectively, and
are defined below. Metrics A, B, C, D, and E and the
Jacobian, J, are groups of various mapping quantities that &'j+i/2,h - Yma [0, 1 - IMj*.Ika for U,+i1/2, < 0 (12)
arise during transformation; they are define as Control in the vertical direction, or v-direction, isgn

A !C2 + J,2similarly.
Y A SLOR technique solves the Unearised continuity

B -Its"C*q + yC~q, equation. Linearisation come. from simply lagging the den-
y sity one iteration step so that for each iteration, denity is
1 L,# + 12 considered constant and is updated after ech harisantal

C Y ', (6) sivesp of the flow field.

D - 4YStaer and Csradona"2 show an alternative to the
standard switched scheme. which proves stable in almost

B M 40Y all regimes:

.1 -Ce'.,-C.q - M'Yv 3v. + AvY,*W0 (13)
In this and subequent sections the V. and A. symbole

NuinkaL81n~inatopeen backward and forward difference operators, re
spectively, with the subscript denoting direction. Combi-

A succeemive-lin*eaver-relaxation (51.01) method nations of thes two symbols show higher derivative. such as
solves the dufferenced equations outlined below. An arti- the second-order differnce: V.V. foir a backward differ-
ficial density scheme builds in proper zone. of dependence ence or A.Vg for a central difference. Fortunately this mix
and allows the use of simple central-difference operators in of diffierencing operators closely corresponds to the artificial
all reglons. Second-order-accurate formuls determine the density method and permits an easy analysis of stability,
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as will be shown briefly. Details of this carsod nar stability polmfor the solution algorithm. Hence, only
explained In the paper by Steger and Caradonna.' a weak cluring . used.

Stability Analysis of the Soution Scheme BoundDIy Coniditiosl

A stability analysis of wany ite-d~ffrence method Flo tangency at the body surfacei menforce by
comes from the Von Neumann linear stability analysis -(Y,

iLA.Solving for the amlfication fato reut In the,
exmig 1preion, whose magnitude must be les thnJ

The eneal ptenialequation is solved at the outer boud-
(2 - cos + M2(1 + em2a - ara) y instead of the usual arbitrary sand. hence. wrong bound-

(14) aycnionof setting 0 to Mwo. This nonrellectlon ap-
4 prac sove an approdmatlon shown below to the poten

ijuina + M2(2uina - sma2o)I}
where 7 s the computational ceil asec rati +A/ ' 0 16
and a and P are the wave numbers for thenz- and r-
directions, respectively, where tY and t are constants found from the previu iter.

Th. usual error-ampliflcation portraits are shown in atlon; they are defined am
Fig. 4 for the undamped and damped cases. As Mach num- 1 I@*+Uber increse, an ssociated increase in amplitude for lower Y(17)
wave numbers (lwfeuency err1OrS) a seen The stability- , +v
limit at Mach 1.4 inse- by the fA" line, showing unity V# V
gain for errors with wave numbers near -. Any higfher The( quantities change, deending on the boundary lo.
speeds will quicly go unstable as shown in the curve (rm- cation so defined by the following.
the Mach 2.0 case.

*A damping term added to the Iteration or correction EP -0, VI. -L; on outer boundary
matrix allows stable solutions with higher Mach numbers. m
This damping term also increase the diagonal dominance V tuprrwcreof the correction matrix; it simply adds a spatial operator El 71 We - at upeWraecre point
to the correction term in the general relaxation equation
below: (+ V)+ L O(1) U'- V'- 0' , als ftboary

where C- is the correction (#-+1 - 0-), L- is th rsi The upstream s valise are held to aweo, and, of course,
maun, which indicates how wel the fiiedl~ec qam the change to comptational variables transforms all of the
ha"e converged; and w is the overrelazatlon controL which above bonaycnlneqations to J. q space.

*is usually et within the range 1.9 - 2.0. The D coefflent The norleto boundary condition shbe" [Eq. (16)]
*controls the amsount of dMig added to the solution. This -rdue ach bonte solution, when proper (upstream)
* approach will not change e solution sinco the correction differnc operators are used as seeded. This upstream

term goes to seo as the solution converges. Only the path ifferencing is sugiclentl impleMagged by ungbackward-
of the convergence changes, so that stability Is mitne, differencet operatiors on both the veticl n horisontal
Hence, a new time-path is taken if the Iteratin level are derivatives and using a marching procedure toward the up-
considered tlme-levele. This variation may have seris lab- per right-.hand corner point.
plications for time-accurate codes.

Parametric studies of this damping D show that It RW
must increase so M"' to maintain stable iterations. Jlor
the mmse shown, at Mach numbers of 2.0 and 4.0, dmig The computaional code was AMrs validated in the
coeklests of -1 and -4, respectively, maintainI cartesian mode and compared with a similar code's results.
The damping elfect pulls the amplification factor curv to The validated code was then used in the cylindrical moode
the unity line In areas where It was pously very high. to predict the experimental results. After n dilffer

Grid Genrationences in the experimental results and tnhe des
corrections to the code were used to modify the predicted

A sheared 1' grid similar topide usually used fo reults.
noulifting airfoil studies, is used here for all rectilnear m
tion case. The cylindrical motion mmss require a more Computational Results
sophisticated grid concentration In rgions where th hc hscd hosPoe ouin when compared with

Waiois n-lk equation specifies grid concentration In one other etablished transonic codes. Rectilinear motion rm
dieto Cnly:) ultemar wel with similar results published by Hoist

C F(S)and Ballhas tm for Mach numbers of 0.70 and 0.84 using
a circular-arc, 10%-thick airfoil. Stability limitations are

The C factor determine how much the grid cluse to the a problem for potential codes lie the code of this study
control function, F(01. The control function varie in the when the flow field contains a region of highpeeid flow
9-direction, so that tVe grid clusters to any curve. This (e.g., Mach 1.4 or greater). The prvossection on eta-
curve usually comes from the linear characteristic line so bility shows how a liearmodel o hepotential equation
that grid cells cluster to the reonm where Information from stabilises at Mach numbers of 2.0 and preater for properly
the airfoil travels. The radia lines ar especfed separately controlled damping. A high-Mach-number case, which is
This non-orthogonal clustering to a geal" line imparts stabilised by this added damping, appears next. Figure 5
a skewving of the grid cells that create convergence and shows the surface prinure from a Mwa 2.0 rectiinear

3



motion test. The solid liIn Fig.5 ishm the expected erirw is not a problem for most codes, becaus the grid na
linea multi for this supersoic cane as found from shock- the outer boundaries is usually sufficiently coars to damp
extpansion theory. The analytical and computed solutionis out erroneu boundary reflections that might canse =inl
match very welt, thereby demonstrating that diffcult andt cant error in the surfae solution, and the outer boundre
usually unstable cases are possible. wte usually placed very far from the body.

The rmltsiIn fig. S come from a hlght-Madi-esamber The reults found from the flne-grid solution presentd
case to show how added damping controls an inherent in- in Fig. 6 ate reformulated to produce the multi shown in 4
stability. The -ae instability problem Ais In the cylin- Fig. 7. This presentation corepod to the meulti at-
drical camo when the velocity given by nr becomes greatly Pected beom microphone data ahnin teem of relativesupersonic. Daming parameter levels for this Mach 2.0 pressure during theaexoerment. The microphones were Ic.
cas are au wre expected hrom the lI~a model cated 0.5, 1.0, 3.0, and 6.0 chords away from the surface.
case, but only neat convergence. During the covrec
process, the solution emr starts to grow quickly, requiring ExirM intal Resut
an increase in the damping coefficient. Automaticdapn
a4fustment avoids guesswork In picking a damnina Value The to-dimensional atpernment described here repro-
This adjustment algorithm in shown if D is ia vlh duces most of the conditions assumed by the computer
damping value and superscripts indicate iteration Gon. ods, A boundary-Iwe correction to the cods allows for

D 5 -1(~D~1 IfR>~the viscous elect - es in the experiment. A prlmnrDa-.6 aIi R .D~- opue iulto f hsts=soe that delocalised
D2 --. 9 Ds-' if Rs < 0.99R of 49M rpm. Although the fial simulatn shw eal

The damaping magntude is usually constrained to a value isation at Mach 0.79, the higher speed was used in the
of a least 0.3 but law than 25. design of the cylinder. Figure 3 shows a slistch of the basic

Comlee dloaliaton ccrs ora Mchnumerofsetup of a cylidrsinn betwee two walls to maintain .
0.9aCsownlein Feoig o ocur byr terd a wae. number o a tw-iloa lo.Pe sures n were mounted inf.7 w* -h in Fig 6byterw - ...w ...es one suppert well along a radial line from the cylinder origin,fo ti can consist of an aspect ratio at7, an airfoil thick- and the senor faces we huW flush with the wall suface.

one (r) of 12%, and surface Mach numbers of about 0.75. Th priinr design of the cylinder -u dome at Ame
Then physical parameters match tOe from the expel- Research Centr 21
mental apparatus. Thawe results wre not unlike these -ee
in the coarse-grid solutions. The Oine-grid surface prarsio- Flgur 6 shows 1) the field presures amw fromn the
so in Fig. 6a show a fine shock width and a slightly rotating cylinder for part of a cylinder revolution and 2)
higher negative peak than the coas grid miulti. The do- how, the pulse magnitude decreseis with radial distance.
localised wave -ee in Fig. Sb in also resolved much better All of the plotsn ro eperimental data come from a test in
in this fine-grid cas. whc h sraeMch number was 0524. This velocity In

The shock on the surfae still damp out to form a well aboe" the predicted delocalisation speed yet "o a hint
fairly smooth pus away from the airfoill Thin~ damping is of delocalisatlon in seen. A prawure pulse similar to that
not entirely due to a Ioes of resolution from gri coersew expectedf from the computer code at Mach 0.79 le seen, but
Grids of similar node points need on narrower doma&ns yield the magnitudet in low by a factor o( 5. This reduced puls
a finer mesh bat do not appreciably improu e ina' W magnitude is due to the thick boundary leyer observe in
lution. A td spcing of 20 points per chord length b the test despite all efOr to reduce vice elect through
believed to besuffiient. Covering the flow field out to the the bourn ay-lwy removal system Sincet the boundary-
16-chords location with 20 points per chord length in two laye reduces the velocity of the body relative to the mva
directions use almost all of the convetional memory Gf air just above the body, law Of a net disturbance is csW
2 x 100 word on the Cray XMP-4/S at the Ames Reseatch Figure 9 directly compares experimental pressure re-
Center. A finer grid would require lengthy run times an" suits at the firs trasduerw location of 0.5 chord for a full

seial coding proceus outside the cPe of this werk revolsuon with the sinoe pulse from the computer predic-
Recalling that the wave equation in tw-iesolw tionm h observed utSshaupe is abot the saearn a --

can not support a sharp discontinuity, such w a shock pected from the Iprediction. No strong shock insee-
explaine why the shock should damp out ws it Mores off in sither result, althoua the pulse is not syineical.since
the surface. The three-dmesional waveeqainde itsa ashrrrcoryo vera P nu Te

supprt nd popaate mpuses houh.11 Thlkn t esmaller spike and large are of slightly positive Proesr
sharp pulses see in hovering rotor Ute are not expencte just forward of the main ai"Ptlve Pule in the test data
in the code results or in the todmensinal come froms variations from th iclrthat we present

resuts.In the Uvlnder. Clearly, the code mest Include both the
=st =~U~U shape and the boundary-l aerIfuences.

The wavelet that exits at the rearondr showsv
how well the noureflection conditions Imposed at teouter
boundaries work to accurately handle the flow no a Boundary - Layr Corrections
boundary. Cases that do not have this coindition, but In-
stead use the usual procedure of simply specifn the Teep~kt onayly coretion added to
value, produce many reflected -ee at the boundaries hifjoiuirodaFlg
eve simple cases. A clearly ovident wave retineo W , th inisi potential code comse f an analtical soln-
pears when such arbitrary boundary conditiosa ple onrtoth Iavier-Stobs eqUations. This correction in-
and when the outer boundary grid is sufficiently fin tore oesmdfigteOcmpntofheoaigco-
solve the reflected wave Another indication Of incorrect dntstn mains htten-lpcniini e

boudar cndiios i - y buldup f Svauesin at the surface and an apr~ate velocity profile blends to
the upper right..hand corner of thei Wdo aiml the inviscid azwuuuin. Teassumptions in this deriva-

effet ocur inthre dmenion alo. iae th nore- tion are incompressibility, laminar and ateady-etate flow,efectoccondiin ihrs diesdions abothe t ulptenal and uniform suction instead of the discrete suction ports.Sthee-dinion codesabaesimilanhr acumuatnd cuat An eddy-viscosity model takes care of the turbulence mod-
the outer boundary." The absoritio boundary condition eig
produces remarbably improved solutions mse the bound- Allowing suction and looking for a steady-state solu-
arie by eliminating both of these problems. The reflection tdon with. - RV/r from the continuity equation, where A

4
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is the cylinder radius and V is the uniform auction velocity produce a smaller disturbance. A large apect ratio meas
at the surface, produces that the relatively short body must move faster to disturb

the air enough to sed a disturbance off the tip to the sonic
u~r - ly(19) circle. Additionally, larger aspect ratios also mean there is aR (ester distance from the blade tip to the linesr sonic circle

where a is the velocity componemt in the 9-direction, when measured in chords. The linear sonic circle is deined
and vi is the kinematic viscosity coefficient. The auction as a line where the Er term of the rotational trandorma-
Reynolds number is defined as R. = VRI, which is nea tion equals the fre4trum speed of sound. The distance
tive because the auction velocity is negative, and the cylin- from the cylinder edge to this sonic circle is given in chords
der angular speed is given by n. Various teat show that by *(1IM. -1), which increases with aspect ratio for a
the premsures can be well predicted by using R. = -4. given cylinder srface Mach number M.. A larger aspet
This value yields the same presure (-1.1 lb/in.2) that was ratio require a larger disturbance to bridge the incresed
measured in the experiment at the 0.-chord location and gap.
produces a reasonable looking flow-velocity profile. This Figure 13 showa a consistent dependence on aspect ra-
modified velocity introduces a minor variation from the as- tio frost airfoi ckna. The body thicknoses typ-
aumed irrotational flow field, which predicts density with a ical of most helicopter blade produce curves that are al-
negligible 5% error. Howeve, this correction only matches met paalel. The very thin bodies-S% and les-sho a
the magnitude of the main pulse and fail@ to match to over- lack o dependen on apect ratio. Since the edge pertur.all pulse shape am in Fig. 9. bation is so small, connection to the sonic circle require. a

A detailed model of the geometric boundary condi- very high Mch number. This high Mach number throws
tions on the cylinder surface reflects the exact variations disturbances off the body that quickly develop into Mach
from circular. Presaure results using the exact eometric waves, a result of nonlinear acoustic velocity effects. Thus
conditions for the cylinder are shown in Fig. 10 for a do- Mach waves connect to the sonic circle to delocalise the
main of a little over one-half of a revolution. The presure flow. Since delocalisation comes from such a Mach wave,
results now show a great deal of similarity to messured ex- the disbmce in chords is irrelevant. Small disturbance, of
perimental pressure (Fig. 11), except that the computed various lengths produce almost identical waves. With this
magnitudes are still high by a factor of 3. The smaller puM los of chord-length dependence, the distances in rotor radii
after the large puise from the airfoil bump is now well mod- become important. TheN radli distances we given - a
sled, and the slowly risn positive-pressure hump observed function of cylinder Mach number. .-1. The delocalisa
in the test is now seen. Hence, an accurate model has been tion Mach numbe now depends onlyon this distance and
developed to predict the form of the presure seen dur- hence on cylinder Mach number, which explains the almost
ing the experimental testing. Now only a correction to the flat cuve as aspect ratio changes for very thin bodies.
magnitudes in required. Since the above approach is strictly two-dimensional,

This exact cylinder shape case use the ame R. =-4 tip effects are not included. A comarolon with three-
exponent that w previously found to produce snch god dimemional results rev when tp are important
matches to the obsrved pressure.. Complete details of how and what effects the tip rel will have. There are very
the potential code includes these boundary-twr influences, few test data vilable on delocalimtlon Mach number
as well as the exact boundary conditions of the cylhnw, for a broad range rotoc
are given inR. 30. The results bom s uch llycar- diu rn roeod upp thrm .dias dtretted cas are shown in Fig. 12 whome they we, compMredf

with the observed experimental results for the 0.=-chord o s the results from this t m soa co&ie d e t 1
, cation. The boundary layer has smoothed ovar the sharp of paramters similar to these that are refcted in Fig. 13.
Speaks -n in the inviscid prediction. However, the pube Both of the studie mentioned in this section we a symmst-

% magnitudes are much closer than thoe see in Fig. 11. The tic pearablic airfoil section. The ful rotor prediction
addition of exact boundary conditions increa the min- shown very similar trends to those from the twdimesional
peak magnitude, but there has ben no attempt to correct : an in Fig. 13. The results for the th blade
this peak. Since surface detail. ae most important in this a smooth dependence on blade thicknem and apect
cae, a grid is used that is clustered to the body with an ratio. The Meae Mach number is higher for the three.
almost uniform grid in the circumferential direction. The dinsiona csN, but the thk blades show the me cou-
computational results at points farther away fom the uo vex curve As the blade bet e thinner, the same
face show a definite loe of resolution, although the reults of the curve is an=. The 6%-thick blade result Is slightly
farther out show the same trends of smeared puies mn in concave so that the delocalisation Mach number actually
the 0.5-chord plot of Fig. 12. increass for smaler aspect ratios. The two-dimesoa

remult do not how this effect until blades that are thinne
Design Applications than 2% we used

The tip relief in the throdimensional cases explains
This section derives the obser v two-dimensional re- both the higher overall delocalisation Mach number sad

sults so that they compare with expected results fom a the delay in curve shape reversal. The extr dimssion
real helicopter rotor. Figure 13 shows results from this present in the full rotor case. allows extra room for dW-
two-dimensonal code in term of helicopter rotor noman- tubuce to dissipate. Hence, a higher Mch number is
clature. The two-dimensional *aspect ratio' usd here aim. required In the three-dimensional cases to achieve a distur-
ply meas the radius of the rotating cylinder divided by the bance strong enough to delocallse the flow. Since higher d-
chord length of the body attached to the cylinder's edge. localizatlon Mach numbers appear overall, the Mach wave
This asect ratio Is similar to the usual helicopter definition dlocalibation discussed above become. Important for the
of rotor radius divided by blade chord. thic blade results, such as the 69 one which in concave.

The general effect of vriou aspect ratios and thick- Again the change in curve shape occurs at Mach numbers
neo rat__io no to obtain a hilghe delocalisa. of 0.9.
tion Mach nbe, simply disturb the air kno. This basic

prniple can be achieved by using a thinner body or a rawivim
large two-dimensional aspect ratio, which corresponds to a
long, slender rotor blade on a real helicopter. Using thinner Techniques were developed for application to potential-
bodies is rather obvious since a thinner body is known to flow computational fuid dynamics methods for predicting

.,
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acoustic wave. Using the potential-flow equation to define Results," NASA CP-2052, 1978 (also in Vertica, Vol. 3,
the outer boundary values for the potential, 0, alleviate. No. 1, 197).
one problem of reflected waves. A stability limit problem
occurs at Mach numbers above 1.4, but adding a damping 'Splettatoesser, W. Rt., Schultz, K. J., Schmitz, F. H.,
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damping factor comes from a linear equation analysis, and a pulsive Noise - Parametric Variations and Full-Scale
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The computational results show a definite change In For~m of the American Helicopter Society, 1963.
the flow field when delocalization occurs. The pressure. Caradocina, F. X and Isorn, M. P., 'Numerical Calcu-
found away from the spinning body do not show the shock- lation of Unsteady Transonic Potential Flow ovar He-
like waveform see in hovering model-rotor tests, since a licopter Rotor Blades,' AIAA Journal, Vol. 14, No. 4,
two-dimensional wave solution tends to dap discontinn- Apr. 1976, pp. 482-488.
ities as opposed to the three-dimensional solution which oitnW.F,'hPoorayofArceSod

prmrve spike in ~*Wave,' P~'oceedipg of dae Royal Society of Lon-
A two-dimensional experiment was conducted, and don,, Seri" A: Mathematical and Phyusical Sciences,

limited experimental results were presented to support the Vol. 169, 1938, p. 174.
findings of the computer prediction. A set of computer-codeI
corrections for the exact cylinder shape and the boundary- 1 Tangler, J. L., -Schlieren and Noise Studies of Ro-
layer entrainment produces results similar to those -a in tors in Forward Flight,' Paper 77-33-0, S9th Annual
the experiment. National Forum of the American Helicopter Society,
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